Introduction
Cerebral palsy is defined as a non-progressive postural and movement impairment related to a perinatal lesion in an immature brain (Bax et al., 2005) . The cerebral damage leads to clinical features, described in the upper motor neuron syndrome, that include spasticity, motor deficit, lack of coordination and impaired voluntary movement with non-selective command. Dystonic and mixed forms of cerebral palsy with damage of the extrapyramidal tract have also been described (Koman et al., 2004; Bax et al., 2005; Carr et al., 2005) . It has been shown, in both animals and humans, that the corticospinal tract is essential for acquisition and maintenance of spinal cord reflex patterns underlying acquisition and maintenance of motor skills (Chen and Wolpaw, 2002; Clowry, 2007) . In human neonates and children aged less than 3 years, corticospinal tract projection activities shape the spinal cord motor function (Eyre et al., 2001 ). Therefore, the question then arises whether, and to what extent, perinatal lesions of the corticospinal tract may lead to abnormal development of spinal reflexes that could result in motor disabilities.
Little is known about modifications of transmission within spinal networks implied in motor control in patients with cerebral palsy. Up to now, only a few studies have explored the functioning of spinal networks in these patients and conflicting results have been reported. Indeed, disynaptic reciprocal Ia inhibition from tibialis anterior muscle to soleus muscle, investigated at rest in six patients with cerebral palsy exhibiting bilateral athetosis, has been found to be exaggerated with respect to healthy controls (Mizuno et al., 1971) . In contrast, Myklebust et al. (1982) found, in 11 patients with cerebral palsy (eight spastics and three spastic-athetoids), that disynaptic reciprocal Ia inhibition was replaced by a facilitation in tibialis anterior muscle when the soleus muscle was stretched by an ankle dorsiflexion, but not in the soleus muscle when the tibialis anterior muscle was stretched by an ankle plantarflexion. Berbrayer and Ashby (1990) have described, in 15 patients with spastic and athetosic cerebral palsy, a disynaptic reciprocal Ia inhibition from tibialis anterior muscle to soleus muscle equal to or greater than that of normal subjects. More recently, Leonard et al. (2006) found, in four spastic diplegia, a disynaptic reciprocal Ia inhibition similar to that of healthy subjects. In addition, these authors investigated presynaptic inhibition of soleus Ia terminals at rest in the same patients with cerebral palsy and in neurologically intact control subjects. They reported no difference in the amount of presynaptic Ia inhibition between the two groups. To the best of our knowledge, no additional data regarding the transmission within identified spinal networks in patients with cerebral palsy are currently available in the literature. By contrast, pathophysiological mechanisms underlying impaired motor control in stroke patients suffering cerebral damage in adulthood period, have been extensively investigated. It has been established that the efficacy of the transmission of various spinal pathways are modified in stroke patients. Indeed, on the affected side of these patients, (i) disynaptic reciprocal Ia inhibition at ankle level has been shown to be decreased (Yanagisawa et al., 1976) or even replaced by a facilitation (Crone et al., 2003) ; (ii) presynaptic inhibition of soleus Ia terminals was impaired (Lamy et al., 2009) ; (iii) post-activation depression at the soleus Ia fibre-motoneuron synapse, a phenomenon attributed to the depressive effects of the stimulus rate, was decreased (Aymard et al., 2000; Lamy et al., 2009); and (iv) propriospinally mediated Group I and Group II facilitations are largely enhanced (Marque et al., 2001) .
The overall aim of this study was to determinate if the effects of cerebral lesions on spinal networks are different when the cerebral damage occurred in adulthood or in the perinatal period.
To address this question, we compared the functioning of several spinal networks implied in motor control in patients with cerebral palsy and in age-matched healthy control subjects. In a first step we re-investigated, in a larger population of patients with cerebral palsy, the excitability of spinal pathways previously studied (disynaptic reciprocal Ia inhibition and presynaptic Ia inhibition). In addition, we explored the transmission within two additional spinal pathways, not examined to date in patients with cerebral palsy, and known to be abnormal in spastic stroke patients who had suffered from a stroke in adulthood. The spinal pathways were (i) post-activation depression, a presynaptic mechanism leading to a long-lasting depressive effect of the size of the monosynaptic reflex (Hultborn et al., 1996) , which has recently been shown to be correlated to the severity of spasticity in stroke patients (Lamy et al., 2009); and (ii) propriospinally mediated Group I and Group II facilitations: spinal excitation from ankle dorsiflexor afferents induces a 2-fold facilitation (respectively due to Group I and Group II afferents) in quadriceps motoneurons mediated by propriospinal-like interneurons (Marque et al., 1996; Chaix et al., 1997; Simonetta-Moreau et al., 1999) . Both early peak (Group I) and late peak (Group II) are enhanced in spastic stroke patients (Marque et al., 2001 ).
Materials and methods

Subjects
Experiments were performed on 35 healthy subjects (19 female and 16 male) aged 19-47 years [mean and standard error of the mean (SEM) 29.11 AE 1.43] and on 28 patients with cerebral palsy (14 female and 14 male), 18-42 years (mean and SEM 26.32 AE 1.48). Not all subjects participated in every experiment. For each experiment, healthy subjects and patients with cerebral palsy were age-matched. All of the subjects gave their written informed consent to the experimental procedure which was approved by the institutional local ethics Committees (CCP Ile de France VI -Pitié -Salpê triè re, Stanford University Institutional Review Board and Veterans Affairs Research & Development Committee), and conformed to the guidelines of the Declaration of Helsinki.
All patients had a spastic form of cerebral palsy (20 diplegia, three hemiplegia, two triplegia and three quadriplegia). Characteristics of patients are summarized in Table 1 . All patients had a clinical examination (Table 2 ). The degree of spasticity was assessed using the Ashworth's scale (Ashworth, 1964) ; in addition, the presence/absence of clonus, as well as its duration, was determined. The ankle dexterity was observed and classified (+/AE/À). Force of distal muscles was tested using the Medical Research Council Scale (0-5). Severity of motor impairment was classified according to the Gross Motor Function Classification System consisting of five levels of impairment, extending from level 1 with minor motor impairment to level 5 with severe motor disability (Palisano et al., 1997) . In total, 3 out of 28 patients had undergone neurosurgery in the posterior tibial nerve. These patients were only investigated in quadriceps Hoffman reflex (H-reflex) experiments.
No MRI data from childhood were available for the patients with cerebral palsy since such examinations were not routinely performed in France until recently (Amiel-Tison, 2005) or in Europe, before the European cerebral palsy studies reported by Bax et al. (2006) , taking for granted that the diagnosis of cerebral palsy relied on clinical investigation. In three patients with cerebral palsy, MRI scans were performed later, showing no focal lesion and no abnormality of the ventricle size.
General experimental arrangement
The subjects were comfortably seated in an armchair. The examined leg was loosely fixed with the hip semi flexed (30 from the anatomical reference position), the knee slightly flexed (30 ), the ankle at 10 plantar flexion and the foot set on a foot-plate.
Hoffmann reflexes
Soleus and quadriceps H-reflexes were recorded from pairs of nonpolarizable electrodes (0.8 cm 2 silver plates, 1.5 cm apart) secured to the skin over the corresponding muscle bellies. Signals were amplified and filtered (Tektronix TM503A, bandwidth 0.1-1 kHz). The reflex responses were measured as peak-to-peak amplitude of the non-rectified reflex and the data were stored on a computer for subsequent off-line analysis. Percutaneous electrical pulses (1 ms duration) at a frequency of 0.33 Hz were delivered through surface electrodes-unipolar electrode to stimulate the posterior tibial nerve (active cathode in the popliteal fossa, anode on the anterior aspect on the knee), and the femoral nerve (active cathode in the femoral triangle, anode under the high part of the thigh).
The maximal motor response (M max ) was determined in each subject, except when a patient was reluctant to accept the unpleasant feeling accompanying the strong stimulation. The H-reflex size was expressed as a percentage of M max . The unconditioned test reflex was adjusted at H max /2 on the examined side (dominant side for healthy subjects and more affected side for patients with cerebral palsy). Soleus and quadricep H max :M max ratios were calculated in each patient in whom M max was measured. 
Conditioning stimuli
Conditioning stimuli were percutaneous electrical stimuli applied to the branch of the common peroneal nerve supplying pretibial flexors (the deep peroneal nerve) through bipolar electrodes, the cathode being proximal. The electrodes were placed at the upper part of the antero-lateral aspect of the leg near the caput fibulae (Forget et al., 1989) . It was carefully checked by tendon palpation that the electrical stimulation did not involve the peroneal muscles in order to avoid the monosynaptic facilitation induced in soleus motoneurons by peroneal Ia afferents (Meunier et al., 1993) . The conditioning stimulus strength was expressed in multiples of the motor threshold in the tibialis anterior muscle.
Method of assessing disynaptic reciprocal Ia inhibition
Disynaptic reciprocal Ia inhibition (Fig. 1A) was originally described by Mizuno et al. (1971) , Yanagisawa et al. (1976) and Crone et al. (1987) as the early phase of the inhibition induced in soleus H-reflex by an electrical stimulus applied to the common peroneal nerve. In this series of experiments, the effects of the conditioning stimuli (1 ms duration, 0.9 Â motor threshold) onto soleus H-reflex were used for conditioning-test intervals ranging from 1 to 4 ms. The peak of disynaptic reciprocal Ia inhibition was determined for each subject, and its magnitude was compared across the populations.
Method of assessing presynaptic Ia inhibition D1 inhibition was originally described by Mizuno et al. (1971) as the second phase of inhibition evoked in the soleus H-reflex by an electrical conditioning stimulus applied to the common peroneal nerve ( Fig. 2A) . The resulting reflex depression depends on the excitability of primary afferent depolarization interneurons: the larger the primary afferent depolarization excitability, the greater the presynaptic inhibition of the test afferent volley and the greater the reflex depression.
Conditioning stimuli consisted of a train of three shocks (1 ms duration) at 300 Hz, at an intensity of 1.2 Â motor threshold and 21 ms interstimulus interval since Faist et al. (1996) provided experimental arguments suggesting that for this interstimulus interval, D1 inhibition is probably due to presynaptic inhibition of Ia afferents. The degree of spasticity was estimated using Ashworth's scale. The joint angle of appearance of the stretch reflex was noted in degrees. The presence/absence of clonus was determined. The magnitude of ankle dorsiflexion was noted in degrees. The ankle dexterity was noted (+/AE/À). Distal muscles force was tested using the Medical Research Council scale (0-5). Severity of motor impairment was classified according to the Gross Motor Function Classification System (GMFCS) consisting of five levels of impairment, extending from level 1 with minor motor impairment to level 5 with severe motor disability. ND = not documented; VL = vastus lateralis; RF = rectus femoris; Sol = soleus; TA = tibial anterior; Q = quadriceps. Method of assessing post-activation depression at the Ia afferent-a motoneuron synapse
As in previous investigations (Hultborn and Nielsen, 1998; Aymard et al., 2000) , post-activation depression at the homonymous Ia fibre-motoneuron synapse was studied by exploring the depressive effect of varying the stimulus rate on the size of H-reflexes (Fig. 3A) . The depression of H-reflexes is dramatic at short intervals (1-2 s between two consecutive stimuli) with a rapid recovery up to 8 s, although at least 15 s are required to completely extinguish this depression (Crone and Nielsen, 1989; Aymard et al., 2000) . In this study, H-reflex size, evoked every 3 s (i.e. 0.33 Hz), was initially adjusted at H max /2. The amplitude of the H-reflex evoked at low (every 6 s, i.e. 0.16 Hz) and high (every 1 s, i.e. 1 Hz) stimulus rates was then measured in each case. The amount of post-activation depression of the soleus H-reflexes was assessed as the size of the Hreflex elicited every 1s (high stimulus rate) expressed as a percentage of its value when elicited every 6 s (low stimulus rate). This is referred to as the 1:6 ratio and allowed for statistical comparison of the results of patients with cerebral palsy and healthy subjects; the greater the 1:6 ratio, the smaller the post-activation depression. Special care was taken over recording sessions to assure that the target muscle was at complete rest during testing since post-activation depression is decreased during voluntary contraction of the tested muscle (Hultborn and Nielsen, 1998) .
Method of assessing Group I and Group II afferents through propriospinal-like interneurons to quadriceps motoneurons
Conditioning common peroneal nerve stimuli at 1.5 Â motor threshold evoked a two-fold facilitation of quadriceps H-reflex ( Fig. 4A ; Forget et al., 1989; Marque et al., 1996; Chaix et al., 1997; SimonettaMoreau et al., 1999) . The time course of the facilitation of the quadriceps H-reflex was obtained by using conditioning-test intervals ranging from 8 to 25 ms. As a result, an early facilitation, peaking at 10 ms interstimulus interval, followed by a late facilitation, peaking at 15 ms interstimulus interval, was found and attributed to Group I and Group II afferents, respectively (Marque et al., 2001 
Statistical analysis
For each series of experiments (20 reflexes when the amplitude of monosynaptic reflexes per se was tested; 40 reflexes when conditioned and unconditioned reflexes were randomly alternated), the mean value of unconditioned and conditioned test reflexes was determined with its SEM. For each population and for each spinal pathway, equality of variance tests was checked. Pairwise comparisons between healthy subjects and patients with cerebral palsy were made using unpaired t-tests. In each population, the difference between unconditioned and conditioned situations was evaluated using paired t-tests. Spearman's correlation coefficient was performed to examine the relationship between the severity of spasticity, the motor command impairment and the impairment of the spinal networks. In all tests, statistical significance was assumed if P50.05. 
Results
Disynaptic reciprocal Ia inhibition
Experiments were performed on 21 healthy subjects and 21 agematched patients with cerebral palsy (15 diplegia, two hemiplegia, two triplegia, two quadriplegia). Figure 1B illustrates the time course of disynaptic reciprocal Ia inhibition from pretibial flexors to soleus in a representative healthy subject (open circle) and in a patient with cerebral palsy (filled circle). The early reciprocal inhibition had an onset at conditioning-test interval of 1 ms, reached a peak at 2 ms and lasted $3 ms. Changes of conditioned soleus H-reflex size were roughly equivalent in the healthy subject and the patient with cerebral palsy. Results obtained in the whole population confirmed this finding: (i) in both populations, the mean conditioned soleus H-reflex value (expressed in percentage of M max ) (healthy subjects: 19.78 AE 2.00%; patients with cerebral palsy: 23.79 AE 2.56%) was significantly decreased when compared to the mean unconditioned soleus H-reflex value (healthy subjects: 22.47 AE 2.16%, P50.0001; patients with Interstimulus interval (ms) cerebral palsy: 25.98 AE 2.66%, P50.0001) (Fig. 1C) ; and (ii) mean values of the conditioned soleus H-reflexes (expressed as a percentage of its unconditioned value) were not different between healthy subjects (87.48 AE 2.10%) and patients with cerebral palsy (89.96 AE 2.80%) (P = 0.48) (Fig. 1E) indicating that disynaptic reciprocal Ia inhibition from tibialis anterior muscle to soleus is undamaged in patients with cerebral palsy.
Presynaptic Ia inhibition
Experiments were performed on 21 healthy subjects and 21 agematched patients with cerebral palsy (16 diplegia, three hemiplegia, two triplegia). In Fig. 2D , the mean conditioned soleus H-reflex values of presynaptic Ia inhibition (expressed as a percentage of its unconditioned value) were different between healthy subjects and patients with cerebral palsy. Conditioned soleus H-reflex size was significantly increased in patients with cerebral palsy (87.90 AE 3.37% of unconditioned soleus H-reflex) with respect to healthy subjects (69.56 AE 3.94% of unconditioned soleus H-reflex) (P50.0007), pointing out a decrease of presynaptic Ia inhibition in patients with cerebral palsy. In addition, individual values show that each conditioned soleus H-reflex size was smaller than unconditioned soleus H-reflex size in healthy subjects (Fig. 2B) , whereas 5 out of 21 patients with cerebral palsy had no modification of the soleus H-reflex amplitude and one of them exhibited a slight increase of the conditioned H-reflex (Fig. 2C ).
Post-activation depression
Experiments were performed on 20 healthy subjects and 20 agematched patients with cerebral palsy (15 diplegia, two hemiplegia, two triplegia, one quadriplegia). Figure 3B (healthy subjects) and 3C (patients with cerebral palsy) illustrate individual (dashed line) and mean (continuous line) values of soleus H-reflex size, expressed as percentage of M max , evoked at low stimulus rate (every 6 s, right) and high stimulus rate (every 1 s, left). In each healthy subject, soleus H-reflex size evoked at high stimulus rate was smaller than that evoked at low stimulus rate (high rate: 15.58 AE 2.53%, low rate: 35.14 AE 3.88%, P50.0001). Similarly, in each patient with cerebral palsy, soleus H-reflex size evoked at high stimulus rate was smaller than that evoked at low stimulus rate (high rate: 23.42 AE 2.03%, low rate: 35.34 AE 2.64%, P50.0001).
In Fig. 2D , mean values of 1:6 ratios of the soleus H-reflexes are compared between healthy subjects and patients with cerebral palsy. 1:6 ratio was significantly increased in patients with cerebral palsy (66.94 AE 4.42%) with respect to healthy subjects (43.45 AE 4.2%) (P50.0005), indicating a decrease of post-activation depression in patients with cerebral palsy.
Group I and Group II afferents through propriospinal-like interneurons to quadriceps motoneurons
Experiments were performed on 18 healthy subjects and 18 agematched patients with cerebral palsy (13 diplegia, 2 hemiplegia, 2 triplegia, 1 quadriplegia). Figure 4B illustrates the time course of common peroneal nerve-induced facilitation of the quadriceps H-reflexes in a representative healthy subject (open circle) and in a patient with cerebral palsy (filled circle). In both subjects, the early facilitation (Group I) begun at 8 ms conditioning-test interval, reached a peak at 10 ms and ended at 13 ms, whereas the late facilitation (Group II) reached a peak at 15 ms and ended at 16 ms. The most striking difference between the two subjects was that Group II facilitation was larger in the cerebral palsy patient. This result was fully confirmed in the whole population: at 10 ms interstimulus interval, mean conditioned quadriceps H-reflex value (expressed in percentage of M max ) [healthy subjects: 12.59 AE 1.62% (Fig. 4C) ; patients with cerebral palsy: 14.70 AE 1.90% (Fig. 4B) ] was significantly increased when compared to the mean unconditioned quadriceps H-reflex value (healthy subjects: 10.48 AE 1.47%, P50.0005; patients with cerebral palsy: 12.22 AE 1.68%, P50.0007). At 15 ms interstimulus interval, in healthy subjects, there was a slight increase of the mean conditioned quadriceps H-reflex value (12.66 AE 2.33%) with respect to mean unconditioned quadriceps H-reflex value (12.09 AE 2.28%) (P50.03). On the opposite, in patients with cerebral palsy, mean conditioned quadriceps H-reflex value (14.39 AE 2.28%) was clearly increased when compared to mean unconditioned quadriceps H-reflex value (11.61 AE 1.68%) (P50.0005).
In Fig. 4E , mean values of the early and late peaks of the quadriceps H-reflex are compared between healthy subjects and patients with cerebral palsy. For the early peak, the mean value of the facilitation of the conditioned quadriceps H-reflexes (expressed as a percentage of its control value) was not different between healthy subjects (124.49 AE 3.95%) and in patients with cerebral palsy (123.85 AE 5.41%) (P = 0.92) indicating that propriospinallymediated Group I facilitation is not modified in patients with cerebral palsy. By contrast, for the late peak, facilitation of the conditioned quadriceps H-reflexes was significantly increased in patients with cerebral palsy (121.17 AE 3.57%) with respect to healthy subjects (104.91 AE 3.87%) (P50.004) pointing out that propriospinally-mediated Group II facilitation is enhanced in patients with cerebral palsy.
Correlations between clinical features and impaired efficacy of spinal pathways
The sample of patients with cerebral palsy included 20 diplegic patients, three hemiplegic patients, two triplegic patients and three quadriplegic patients. The results obtained for patients with cerebral palsy are presented in Table 3 . The number of diplegic patients was much higher (20 out of 28) than the other forms of cerebral palsy. Nevertheless, whatever the cerebral palsy form, the differences from healthy subjects were comparable except in one case. In particular, presynaptic Ia inhibition was deeply decreased both in diplegic and hemiplegic patients with cerebral palsy. If anything, the decrease of presynaptic Ia inhibition is larger in hemiplegic than in diplegic patients. Soleus H max :M max ratio, reciprocal Ia inhibition and post-activation depression were roughly similar in diplegic and hemiplegic patients. Common peroneal nerve Group I quadriceps facilitation seemed to be decrease in hemiplegic patients, but the sample (two patients) was too small to draw any reliable interpretation.
In order to investigate the relationships between increased H max :M max ratio, decreased post-activation depression, decreased presynaptic inhibition of Ia fibres, increased Group II quadriceps facilitation and the patients with cerebral palsy clinical features (spasticity and motor command), patients were divided into three groups according to the degree of spasticity and motor impairment. Due to the limited number of patients exhibiting low score, we pooled scores 0-1 for both spasticity and muscle strength (Table 2 ). Spearman's correlation coefficient revealed a significant correlation between (i) reduced post-activation depression (indicated by increased 1:6 ratio) and the severity of spasticity (r = 0.67, P50.004 for clonus; r = 0.56, P50.01 for Ashworth score); and (ii) increased soleus H max :M max ratio and the severity of the clonus (r = 0.43, P50.03) but not with the Ashworth score (r = 0.34, P = 0.09). No significant correlation was found in the other cases i.e. for decreased presynaptic Ia inhibition and increased Group II quadriceps facilitation. It should also be noted that no correlation was found between decreased soleus post-activation depression and impairment of motor command (Table 4) .
Discussion
The present series of experiments performed at rest in sitting position show that with respect to age-matched healthy subjects: (i) disynaptic reciprocal Ia inhibition is not modified in patients with cerebral palsy; (ii) presynaptic mechanisms (including presynaptic Ia inhibition and post-activation depression) are depressed in patients with cerebral palsy; and (iii) propriospinally mediated Group I facilitation is not modified in patients with cerebral palsy, whereas propriospinally mediated Group II facilitation is enhanced. Soleus H max :M max and, to a lesser extent, quadriceps H max :M max ratios are increased in patients with cerebral palsy. This latter result is in accordance with previous results obtained in a large sample of spastic patients in which H max :M max ratio was increased with respect to healthy subjects with a poor correlation between this ratio and clinical spasticity (Angel and Hoffmann, 1963; Landau and Clare, 1964; Delwaide, 1973 Delwaide, , 1993 Yanagisawa et al., 1993; Ongerboer de Wisser et al., 1993; Aymard et al., 2000; Faist et al., 1994; Hiersemenzel et al., 2000 , Morita et al., 2001 .
Disynaptic reciprocal Ia inhibition
The finding that the amount of disynaptic reciprocal Ia inhibition directed from tibialis anterior to soleus is similar in patients with cerebral palsy and age-matched healthy subjects, appears at first glance surprising since it is well known that patients with cerebral palsy exhibit co-contractions of antagonistic muscles which have been studied during gait (Berger, 1998) or voluntary contraction (Millner-Brown and Penn, 1979) . A first line of argument originates from the fact that our series of experiments have been performed at rest. It is well known that pathophysiological changes following central nervous system lesions may affect spinal networks at rest and during motor activities differently. For example, it has been shown (Katz and PierrotDeseilligny, 1998 ) that recurrent inhibition in hemiplegic patients at rest is equal to or greater than in healthy subjects, while it is severely impaired during voluntary contraction or active maintenance of posture. In this respect, it is interesting to note that Leonard et al. (2006) found, in cerebral palsy patients at rest, a short latency reciprocal inhibition similar to that of healthy subjects while its regulation was impaired during voluntary contraction.
A second line of argument originates from the definition of reciprocal inhibition. Indeed, as originally stressed by Crone and Nielsen (1989) and by Crone (1993) , the antagonistic motoneuron inhibition, which takes place during the activation of agonist muscles, relies on more numerous physiological mechanisms than disynaptic reciprocal Ia inhibition alone. Indeed the whole reciprocal inhibition of soleus motoneurons during tibialis anterior motoneuron activation includes (i) the disynaptic reciprocal Ia inhibition that we have selectively studied in this series of experiments; (ii) the propriospinally mediated inhibition (Crone and Nielsen, 1989; Marque et al., 2001) ; and (iii) the presynaptic inhibition directed to Ia fibres projecting to soleus motoneurons, which have been studied in this series of experiments. Therefore, at least theoretically, dysfunction of any one of these spinal mechanisms may contribute to co-contractions during tibialis anterior activation. In this respect, it must be emphasized that we have found a significant decrease in presynaptic Ia inhibition directed to soleus Ia fibres and that in their recent studies, Hodapp et al. (2007a Hodapp et al. ( , b, 2009 have found that the rhythmic modulation of H-reflex existing in healthy children is also present in patients with cerebral palsy, whereas the age-dependent tonic depression of the soleus H-reflex during stance phase of walking is not present in patients with cerebral palsy.
Finally, the clinical features of our sample of patients with cerebral palsy may play a role. Indeed in our population of patients with cerebral palsy, tibialis anterior strength, reflecting the corticospinal drive to tibialis anterior -motoneuron, was moderately impaired (Table 2) . Thus, taking into account the parallel control onto -motoneuron and Ia inhibitory interneuron (Lundberg 1970; Nielsen et al. 1995a) , it may be hypothesized that the corticospinal drive onto Ia interneuron is also moderately impaired, resulting in preserved disynaptic reciprocal Ia inhibition. This hypothesis fits with the fact that, in the 4 patients with cerebral palsy exhibiting a poor tibialis anterior command, disynaptic reciprocal Ia inhibition vanished (conditioned H-reflex mean value 98%, instead of 87.90% in the other patients with cerebral palsy).
Presynaptic inhibition of Ia terminals
A decrease in presynaptic Ia inhibition has already been reported in a large range of central nervous system diseases including multiple sclerosis (Nielsen et al., 1995b) , amyotrophic lateral sclerosis (Pierrot-Deseilligny, 1990), traumatic injuries (Faist et al., 1994; Aymard et al., 2000) , stroke (Aymard et al., 2000; Kagamihara and Masakado, 2005; Lamy et al., 2009 ), Parkinson's disease (Lelli et al., 1991) and several kinds of dystonia (Nakashima et al., 1989; Panizza et al., 1990) . In adulthood paraplegic patients, a decrease of presynaptic Ia inhibition was regularly found while in hemiplegic patients controversial results (unchanged or decreased presynaptic Ia inhibition) have been reported (see PierrotDeseilligny and Burke, 2005) . In the three hemiplegic patients with cerebral palsy enrolled in this study, the presynaptic Ia inhibition was deeply decreased (Table 3 ). Although the sample was small, this suggests that in all the cases, the neonatal cerebral lesions responsible for cerebral palsy resulted in a decrease of presynaptic Ia inhibition. This decrease in presynaptic Ia inhibition is generally interpreted in the literature, taking into account the impairment of the descending drive from higher structures onto presynaptic interneurons.
In addition to this hypothesis, it is noteworthy that in immature spinal neurons of animals GABA/glycine synapses have been shown to be excitatory with a shift from excitatory to inhibitory synapses during development (Wu et al., 1992; Gao and ZiskindConhaim, 1995) . This shift does not occur after spinal cord injury (Jean-Xavier et al., 2006) . Therefore an appealing hypothesis could be that in patients with cerebral palsy the perinatal lesions, occurring in an immature brain, may impair the shift from excitatory to inhibitory synapses and thus contribute to the decrease in presynaptic Ia inhibition.
Post-activation depression at the Ia afferent-a motoneuron synapse
Decreased post-activation depression has been revealed in a wide range of spastic patients including spinal cord injured patients (Nielsen et al., 1995b; Schindler-Ivens and Shields, 2000) , stroke patients Grey et al., 2008 , Lamy et al., 2009 or patients with multiple sclerosis (Grey et al., 2008) . To our knowledge, this is the first report of impaired post-activation depression in patients with cerebral palsy. Interestingly, as previously reported in spastic stroke patients (Lamy et al., 2009) , decreased post-activation depression in our patients with cerebral palsy was correlated with the severity of spasticity. Although not a definitive proof, this correlation suggests that decreased post-activation depression is one of the mechanisms underlying spasticity.
In our sample of healthy subjects, H max :M max ratio was equal to 31.16% at 1 Hz, 43.45% at 0.33 Hz and 70.28% at 0.16 Hz. Interestingly, in patients with cerebral palsy in whom post-activation depression was depressed, H max :M max ratio is larger than in healthy subjects at 1 and 0.33 Hz but not at 0.16 Hz. This result suggests that decreased post-activation depression probably plays a role in the increased H max :M max ratio at these frequencies in patients with cerebral palsy.
Group I and Group II afferents through propriospinal-like interneurons to quadriceps motoneurons
Propriospinally mediated Group I excitation is not modified in patients with cerebral palsy whereas propriospinally mediated Group II excitation is enhanced. These pathways have been explored in healthy subjects both at rest (Forget et al., 1989; Marque et al., 1996; Simonetta-Moreau et al., 1999) and during gait (Iglesias et al., 2008) . In central nervous system lesioned patients, these pathways have been investigated at rest in stroke patients, in whom both peaks of excitation are increased (Marque et al., 2001) . In these patients, administration of tizanidine (an 2 noradrenergic agonist) strongly decreases the amplitude of Group II excitation and to a lesser extent the Group I excitation (Maupas et al., 2004) thus demonstrating that Group II fibres are strongly controlled by monoamines. It may therefore be hypothesized that the increase of Group II facilitation in patients with cerebral palsy may be due to an impairment of the monoaminergic modulation originating from brainstem or pathways controlling this system.
What can we learn from the comparison between cerebral palsy and stroke patients?
In the literature devoted to cerebral palsy (Koman et al., 2004 ) the fact that the lesions responsible for cerebral palsy occur in an immature cerebral central nervous system is considered as a key factor for the clinical features. However, patients with cerebral palsy differ from stroke patients in other characteristics than immature brain versus mature brain. These differences include: (i) in stroke patients, lesions are mainly unilateral and localized in the arterial cerebral territories whereas they are generally deeper and scattered within the central nervous system (periventricular white matter, thalamus, basal ganglia, brainstem, cerebellum) in patients with cerebral palsy; (ii) age of the populations: the mean age of our cerebral palsy population was $26, whereas mean age of stroke patients is usually $50-60. The effects of ageing on spinal pathways have not yet been systematically studied in healthy subjects. Indeed, put together, the results obtained by Morita et al. (1995) and Burtchart et al. (1993) suggest a reduction of Ia fibre or a decrease in Ia fibre conduction velocity but no conclusion can be drawn regarding the effect of ageing on presynaptic Ia inhibition (Pierrot-Deseilligny and Burke, 2005) ; and (iii) delay after the causal lesion: the time interval between the causal lesion and the experiment strongly differ between patients with cerebral palsy (from 18 to 42 years, mean = 26 years in the present investigation) and stroke patients (ranging from 6 days to 24 years, mean $ 6 months-see Marque et al., 2001; Crone et al., 2003; Lamy et al., 2009) , which gives different time for plastic reorganization to occur at the spinal cord level.
Furthermore, the fact that decreased post-activation depression and decreased presynaptic Ia inhibition have already been described following cortico-subcortical or spinal lesions suggests that whatever the mechanism or the developmental status of the central nervous system, those presynaptic mechanisms are impaired.
By contrast, disynaptic reciprocal Ia inhibition seems to be preserved in patients with cerebral palsy whereas it is impaired in both stroke and spinal cord injured patients. As stressed above, this finding obtained at rest does not imply that the whole reciprocal inhibition between antagonistic ankle muscles is not impaired in patients with cerebral palsy. On the contrary, a decrease in presynaptic Ia inhibition probably contributes to the antagonistic co-contraction exhibited by patients with cerebral palsy during gait or voluntary movement. Group II facilitation of quadriceps reflex is enhanced in stroke patients, de novo Parkinson's disease patients (Simonetta- Moreau et al., 2002) and in our population of patients with cerebral palsy, suggesting that an impairment of descending monoaminergic control may be responsible for the increased Group II facilitation.
Finally, it should be stressed that the present series of experiments has been performed in young adults. To go further in defining which features in patients with cerebral palsy are related to the development of the central nervous system, longitudinal studies from childhood to adulthood must be performed.
